Silymarin (Fig. 1 ) is a polyphenolic flavanoid derived from fruits and seeds of milk thistle (Silybum marianum) which has been clinically used as an antihepatotoxic agent for many liver diseases. 1, 2) Silymarin exhibits strong antioxidant activity, 3, 4) in addition to antiinflammatory, cytoprotective, and anticarcinogenic effects. 5) Apoptosis, or programmed cell death, is an essential and highly conserved mode of cell death which is important for normal development, host defense, and suppression of oncogenesis. Apoptosis is characterized by a decrease in cell volume, condensation and fragmenation of nuclear chromatin, and dilatation of the endoplasmic reticulum. Among the numerous proteins and genes involved, members of the caspase family, the Bcl-2 family, and mitogen-activated protein kinase (MAPK) family play important roles in apoptosis. [6] [7] [8] [9] In recent years, accumulating evidence 10, 11) has strongly suggested that dysregulation of apoptosis is associated with the aging process. Apoptosis in various aging processes is closely related to the theory that aging is due to evolutionary nonadaptive homeostatic failure against various forms of stress, including oxidative stress, glycation, and DNA damage. Aging enhances apoptosis and susceptibility to apoptosis in several types of intact cells. It has been reported that apoptosis is upregulated during aging in various cells such as in Alzheimer's disease, amyotrophic lateral sclerosis, and Parkinson's disease. The number of DNA fragmented nuclei detected by terminal dUTP nick-end labeling (TUNEL) significantly increases in neurons located in frontal and hippocampal cortices, in spinal motor neurons, and in nigral dopaminergic neurons, [12] [13] [14] [15] [16] or in chronic inflammation (chronic hepatitis, chronic nephritis).
The starting point of our study was to search for the active antiaging compounds in Chinese herbal medicines which could inhibit UV irradiation-induced apoptosis. Human malignant melanoma cells (A375-S2), human cervical carcinoma cells (HeLa), human breast cancer cells (MCF-7), murine fibrosarcoma cells (L929), and human fibrosarcoma cells (HT1080) were chosen for preliminary study. Surprisingly, we found that silymarin strongly reduced UV-induced A375-S2 cell apoptosis and that the inhibitory mechanism has a relationship with caspase(s) and Bcl-2 family members as well as with extracellular signal-regulated protein kinase (ERK)/MAPK. Here we tried to identify the key caspase(s) and to examine quantitative alterations among Bcl-2, Bcl-x L , and Bax protein expression and the activity of ERK/MAPK in UV irradiation-induced A375-S2 cell apoptosis after silymarin treatment.
MATERIALS AND METHODS

Reagent
Silymarin was obtained from the Beijing Institute of Biologic Products (Beijing, China). The caspase-9 apoptosis and caspase-3 apoptosis detection kits were purchased from Chemicon International (Temecula, CA, U.S.A.). Hoechst 33258, propidium iodide (PI), RNase A, Proteinase K, 3-(4,5-dimetrylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 3,3-diaminobenzidine tetrahydrochloride (DAB) were purchased from Sigma Chemical (St. Louis, MO, U.S.A.). Rabbit polyclonal antibodies against ICAD, Bcl-2, Bax, ERK2, mouse monoclonal antibody against phosphorylated ERK, and horseradish peroxidaseconjugated secondary antibodies (goat anti-rabbit and goat anti-mouse) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Rabbit polyclonal antibody against Bcl-x L was obtained from Medical & Biological Laboratory (Osaka, Japan).
Silymarin Prevents UV Irradiation-Induced A375-S2 Cell Apoptosis
Cell Culture The cells were cultured in RPMI 1640 medium (Hyclone, Logan, UT, U.S.A.) supplemented with 10% fetal bovine serum (Dalian Biological Reagent Factory, Dalian, China), L-glutamine (2 mM, GIBCO, Grand Island, NY, U.S.A.), penicillin (100 U/ml) and streptomycin (100 mg/ml) and maintained at 37°C with 5% CO 2 in a humidified atmosphere.
Cell Growth Assay The cytotoxic effects of UV irradiation on A375-S2, HeLa, MCF-7, L929, and HT1080 cells were measured using the MTT assay as described.
17) The cells were dispensed in 96-well flat-bottomed microtiter plates (NUNC, Roskilde, Denmark) at a density of 1ϫ10 4 cells/well. After 12-h incubation, they were irradiated with UV (2.4 J/cm 2 , 5 min), and then further incubated for the indicated time. Cell growth was measured with an ELISA reader (Tecan Spectra, Wetzlar, Germany) in the MTT assay at the indicated time points.
The inhibitory effects of silymarin on these five stains of cell apoptosis induced by UV irradiation were measured in the MTT assay. After 12-h incubation, the cells were incubated with various concentrations of silymarin for 1 h prior to UV irradiation (2.4 J/cm 2 , 5 min), and then incubated for 12 h. Cell growth was measured as described above. The percentage of cell growth inhibition was calculated as follows:
cell death (%)ϭ(A 490, control ϪA 490, UV )/(A 490, control ϪA 490, blank )ϫ100
Nuclear Damage Observed by Hoechst 33258 Staining A375-S2 cells were plated in the wells of a 6-well plate at a density of 2.5ϫ10 4 cells per well. After 12-h cell culture, they were incubated for 12 h after UV irradiation (2.4 J/cm 2 , 5 min), then washed with PBS and fixed with 3.7% paraformaldelyde for 2 h at room temperature. The cells were washed and centrifugated at 250ϫg for 5 min, then stained with Hoechst 33258 167 mM at 37°C for 10 min. Apoptotic cells were identified as cells with condensed and fragmented nuclei using fluorescence microscopy (Leica, Wetzlar, Germany).
18)
DNA Fragmentation Assay A375-S2 cells (1ϫ10 6 cells) were harvested and centrifuged at 150ϫg for 5 min and then washed with PBS. The cells were pelleted and suspended in 10 mM Tris (pH 7.4), 10 mM EDTA (pH 8.0), and 0.5% Triton X-100 and maintained at 4°C for 10 min. The supernatant was incubated with 20 mg/ml RNase A (2 ml) and 20 mg/ml proteinase K (2 ml) at 37°C for 1 h, then stored in 0.5 M NaCl (20 ml) and ispropanol (120 ml) at Ϫ20°C overnight, and centrifuged at 15000ϫg for 15 min. DNA was dissolved in TE buffer [10 mM Tris (pH 7.4), 10 mM EDTA (pH 8.0)] and subjected to 2% agarose gel electrophoresis at 50 V for 40 min and stained with ethidium bromide.
Flow Cytometric Analysis of Cell Cycle A375-S2 cells (1ϫ10 6 cells) were harvested and washed once in cold PBS. The cell pellets were fixed in 75% ethanol at 4°C overnight and washed in cold PBS. Then the pellets were suspended in 1 ml of PI solution containing PI 50 mg/ml, 0.1% (w/v) sodium citrate, and 0.1% (v/v) Triton X. Cell samples were incubated at 4°C in the dark for at least 15 min and analyzed by a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, U.S.A.).
LDH Activity-Based Cytotoxicity Assay 19) Lactate dehydrogenase (LDH) activity was measured in both floating dead cells and viable adherent cells. After 12-h incubation of A375-S2 cells in 96-well plates at a density of 1ϫ10 Caspase Activity Assay UV-irradiated A375-S2 cells (1ϫ10 6 ) were incubated with or without silymarin for 12 h. Harvested cells were washed with PBS and centrifugated at 150ϫg for 5 min. Supernatants were aspirated and cell lysis buffer (provided) was added to Eppendorf tubes at 50 ml/1ϫ10 6 cells. The cells in lysis buffer were incubated on ice for 10 min and then centrifugated at 10000ϫg for 5 min. The supernatants (cytosolic extract) were transferred to 96-well plates, to which were added assay buffer 20 ml, LEHDpNA (caspase-9) and DEVD-pNA (caspase-3) 10 ml, and H 2 O 20 ml. The mixtures were incubated at 37°C for 1 h. The cleaved free pNA was quantified using a microtiter plate reader at 405 nm. The variation (fold) in caspase activity can be determined by comparing the OD reading with the level of the medial control.
Western Blot Analysis After incubation for 12 h, both adherent and floating A375-S2 cells were collected. Western blot analysis was carried out as previously described 20) with some modification. The cells were lysed on ice in lysis buffer [50 mM HEPES (pH 7.4), 1% Triton X-100, 2 mM sodium orthovanadate, 100 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethanesulfonyl fluoride (PMSF)], supplemented with the proteinase inhibitors aprotinin 100 mg/ml, leupeptin 10 mg/ml and pepstatin 100 mg/ml for 1 h. The protein concentration was determined using the folin assay. The lysate was centrifugated at 16000ϫg at 4°C for 10 min, equal amounts of total proteins were mixed in 2ϫloading buffer [50 mM Tris-HCl (pH 6.8), 2% SDS, 10% 2-mercaptoethanol, 10% glycerol, and 0.002% bromphenol blue], boiled for 5 min, and subjected to a 12% SDS-polyacryamide gel eletrophoresis. Proteins were electrotransferred onto nitrocellulose membranes and detected with antibodies against ICAD, Bcl-2, Bax, Bcl-x L ERK2, and phophorylated ERK, followed by the addition of horseradish peroxidase (HRP)-conjugated secondary antibody and 3,3-diaminobenzidine tetrahydrochloride (DAB) as the HRP substrate.
Statistical Analysis All data represent at least three independent experiments and are expressed as meanϮS.D., unless otherwise indicated. Statistical comparisons were made using Students' t-test. p-Values of less than 0.05 were considered to represent a statistically significant difference. Table 1 shows the time courses of UV irradiation-induced cell death. Incubation for 12 h after UV irradiation (2.4 J/cm 2 , 5 min) appeared to be sufficient for the induction of cell death in the five cell strains investigated.
RESULTS
Inhibition of Cell Growth by UV Irradiation
Inhibitory Effects of Silymarin on Cell Death Induced by UV Irradiation Table 2 shows the growth inhibition of the five cell strains treated with various concentrations of silymarin for 1 h and then further incubated for 12 h after UV irradiation (2.4 J/cm 2 , 5 min). After pretreatment with silymarin 500 mM and 100 mM, the inhibition ratio against UV-irradiated A375-S2 cells was 27.25% and 90.27%, respectively. Then A375-S2 cells (UV irradiated or not) were treated with various concentrations of silymarin (100-500 mM) for 12 h (Fig. 2) . It was found that silymarin protected UV-irradiated A375-S2 cells from death and that it had no cytotoxic effects on the cells.
UV Irradiation-Induced Apoptosis in A375-S2 Cells To determine whether UV-induced A375-S2 cell death was due to apoptosis, the morphologic changes in cell nuclei and DNA fragmentation were examined. When cells were incubated for 12 h after UV irradiation (2.4 J/cm 2 , 5 min), marked morphologic changes in cell nuclei were observed (Fig. 3b ) compared with the untreated control (Fig. 3a) . At 12 h, Hoechst 33258-stained A375-S2 cells showed condensed nuclei, which is characteristic of apoptosis. After incubation for 12 or 18 h after UV irradiation, A375-S2 cells exhibited DNA fragmentation, another hallmark of apoptosis (Fig. 3c) . These results demonstrated that some of the A375-S2 cell death induced by UV radiation was due to apoptosis.
Different Types of Cell Death Identified in the LDH Release Assay Cell death induced by a variety of stimuli occurs by either of two distinct mechanisms, necrosis or apoptosis. Both modes of cell death were detected in the same cell line. The ratio of LDH released from viable cells, floating dead cells, and the culure medium was used to determine the number of apoptotic and necrotic cells. 19) After 12-h silymarin treatment, the apoptotic ratio declined with the increased concentration of silymarin in UV-irradiated A375-S2 cells. The ratio reached the minimum (9.64%) at the dose of 500 mM, while the proportion of necrotic cells was negligible (Fig. 4) .
In addition, flow cytometric analysis showed that the sub-G 0 /G 1 phase peak declined with silymarin treatment (Fig. 5) , and UV-induced DNA fragmentation (a hallmark of apoptosis) was also effectively reduced by silymarin treatment of A375-S2 cells (Fig. 6) . 
Fig. 2. Effect of Silymarin on the Viability of A375-S2 Cells (UV Irradiated)
A375-S2 cells were treated with silymarin (100-500 mM) for 12 h after UV irradiation (2.4 J/cm 2 , 5 min) () or without irradiation (ᮀ). Cell viability was evaluated using the MTT method. x Ϯs, nϭ3. Activities of Caspase-9 and Caspase-3 in SilymarinTreated A375-S2 Cells To confirm the involvement of caspases in silymarin-treated A375-S2 cells after UV irradiation (2.4 J/cm 2 , 5 min), the activities of caspase-9 and caspase-3 were quantified. UV-irradiated A375-S2 cells treated with silymarin (300, 500 mM) for 12 h showed less caspase-9 and caspase-3 activity compared with the control group (0 mM) : the cells were incubated with silymarin 100, 300, or 500 mM, respectively after UV irradiation for 12 h; g-i: the cells were incubated with silymarin 100, 300, or 500 mM, respectively, for 12 h. DNA was isolated by agarose gel electrophoresis and analyzed by ethidium bromide staining. Fig. 7 . Activities of Caspase-9 and Caspase-3 in Silymarin-Treated A375-S2 Cells after UV Irradiation UV-irradiated A375-S2 cells (1ϫ10 (Fig. 7) . At 12 h after UV irradiation, caspase-9 activity (0 mM) increased to 7.66-fold the control value and administration of silymarin (500 mM) decreased that to 5.07-fold, while caspase-3 activity increased to 4.74-fold (0 mM) and silymarin decreased that to 3.47-fold (500 mM) compared with the control value.
Silymarin-Induced Expression of the Inhibitor of Caspase-Activated DNase in UV-Irradiated A375-S2 Cells Western blot analysis was carried out to examine the expression of the caspase-3 substrate, the inhibitor of caspase-activated DNase (ICAD) in A375-S2 cells. Cleavage of ICAD activates CAD, which cleaves DNA into oligonucleosomal fragments. Exposure of A375-S2 cells to silymarin (500 mM) for another 12 h after UV irradiation (2.4 J/cm 2 , 5 min) induced the expression of ICAD, which inactivates CAD and protects cells from apoptosis (Fig. 8) .
Expression of Bcl-x L and Bax Proteins in SilymarinTreated (UV-Irradiated) A375-S2 Cells Since caspase-9 and caspase-3 activities are closely associated with the mitochondrial pathway of apoptosis and UV irradiation has been reported to affect mitochondria significantly, 21, 22) the expression of mitochondrial proteins (Bcl-2 family members) were detected by Western blot analysis. A375-S2 cells were incubated with silymarin after UV irradiation (2.4 J/cm 2 , 5 min) for 12 h, and then Bcl-2, Bcl-x L , and Bax expression was detected. As shown in Fig. 9 , Bcl-x L protein expression began to increase after treatment with silymarin, while Bax protein expression was not affected and Bcl-2 protein was not expressed in the UV-irradiated cells. Therefore the expression of the apoptotic antagonist (Bcl-x L ) is related to the mechanism of the antiapoptotic effect of silymarin.
Silymarin-Activated ERK/MAPK in UV-Irradiated A375-S2 Cells Since inactivation of ERK has been reported to have a positive effect on evodiamine-induced A375-S2 cell death, 23) the expression of ERK in UV-irradiated A375-S2 cells was examined. When the cells were exposed to various concentrations of silymarin (100-500 mM) after UV irradiation (2.4 J/cm 2 , 5 min) for 12 h, the expression of ERK protein decreased, while that of phosphorylated ERK protein increased, and peaked at the silymarin concentration of 300 mM (Fig. 10) .
DISCUSSION
It has been known that apoptosis is one cause of some agerelated diseases, and thus we tried to find active compounds in Chinese herbal medicines which could inhibit disease-associated cell apoptosis or protect cells from various causes of death. In this study, it was found that silymarin protected several strains of cells, especially A375-S2 cells, from UV irradiation-induced death, but it had no protective effect on UV irradiation-induced HeLa cell death. Our preliminary study also showed that silymarin had inhibitory effects on UV irradiation-induced cell death in normal rat cardiac myocytes and nerve cells (data not shown). Since these two cell types are of mesodermal origin, as are A375-S2 cells, this indicates that the protective effect of silymarin against UV irradiation is probably restricted to specific cell types.
Based on the observations of morphologic changes in cellular nuclei and DNA fragmentation, UV irradiation induced apoptosis in A375-S2 cells. Silymarin effectively reduced UV-induced A375-S2 cell apoptosis in vitro in a dose-dependent manner. The LDH activity-based cytotoxicity assay, DNA fragmentation assay, and flow cytometric analysis also demonstrated that silymarin is an antiapoptotic reagent for A375-S2 cells against UV irradiation.
It was reported that caspase family proteases play an essential role in the process of apoptosis, 6) and that caspase-9 is recruited and activated by the mitochondrial pathway. 24) Activation of procaspase-9 is initiated upon the release of certain mitochondrial proteins, such as cytochrome c, from the mitochondrial intermembrane space. Released cytochrome c binds to the protein Apaf-1 and triggers the assembly of apoptosome, a multimeric protein complex that contains seven Apaf-1 and cytochrome c complexes. The apoptosome subsequently recruits procaspase-9 to the complex and exerts its activity. Once recruited, procaspase-9 acquires catalytic competency, is proteolytically cleaved, and activates the effector caspases (caspase-3, -6 and -7), a process that culminates in apoptotic cell death. In this study, the activities of caspase-9 and caspase-3 induced by UV irradiation were reduced by treatment with silymarin. Caspase-3 is localized near the nuclei and cleaves substrates (such as ICAD) at the downstream end of the cascade, resulting in activation of CAD and executing nuclear internucleosomal DNA fragmentation. 25) ICAD has two isoforms: M t 45,000 (ICAD-L/DFF45) and M t 35,000 (ICAD-L/DFF35). Both isotypes bind and inhibit CAD activity. But only M t 45,000 (ICAD-L/DFF45) is reported to be functional. The results of this study showed that silymarin induced ICAD-L/DEF45 expression in UV-irradiated cells, which caused inactivation of CAD and protected cells from death. These data indicate that the protection of A375-S2 cells from UV irradiation-induced apoptosis by silymarin was through the blockage of the caspase-9, -3/ICAD pathway. The activation of caspase-9 is closely associated with the mitochondrial pathway, and therefore the tight control of the mitochondrial cell death pathway is crucial. There has been impressive progress in elucidating at least some of the key regulatory elements of this pathway. For example, Bcl-2 family members regulate cytochrome c release from mitochondria. 26) Only the expression of Bcl-x L protein (the apoptotic antagonist) began to increase after silymarin treatment in UV-irradiated cells, while that of Bax protein was not affected, and Bcl-2 protein was not expressed. Increased expression of Bcl-x L prevented cytochrome c release from mitochondria, leading to inactivation of caspase-9. Upregulation of inhibitors of apoptosis proteins (IAPs) and activation of NF-kB might be possible in silymarintreated cells.
The MAPK family is also an important mediator of signal transduction in apoptosis and is activated by a variety of stimuli, such as growth factors and cellular stresses. 27) Among the MAPK family, ERK, c-Jun NH 2 -terminal kinase (JNK), and p38 MAPK have been well characterized. Each MAPK is activated through a specific kinase cascade, and the activation of JNK and p38 induces apoptosis, while the activation of ERK prevents apoptosis. 9) Our previous study 23) reported that the ERK inhibitor (PD98059) augmented evodiamine-induced A375-S2 cell death at a later stage. In addition, it was reported that ERK suppresses TRAIL-induced activated T cell apoptosis upstream from the mitochondrial amplification loop because mitochondrial depolarization and release of cytochrome c were inhibited. 28) Furthermore, caspase-8-mediated relocalization and activation of Bid, a proapoptotic member of the Bcl-2 family, was also inhibited by the ERK signaling. 28) Therefore the protection of UV irradiated A375-S2 cells against apoptosis by silymarin might be also due to activated ERK, which might block mitochondrial and capase pathways of apoptosis, such as activation of Bcl-x L or inactivation of caspase-9. The antiapoptotic mechanism of the activated ERK in UV-irradiated A375-S2 cells needs to be studied further.
Silymarin has been used in the clinical treatment of liver diseases, 1, 2) and pharmacologic studies indicate that silymarin is not toxic even at high doses.
1) The present results
show that silymarin appears to the additional effect of protecting cells from apoptosis, which might broaden the potential therapeutic use of silymarin for the treatment of age-related diseases and protection of skin from UV light exposure. Therefore future studies should focus on antiapoptotic effects in aging cells.
